There is a strong interest from the transportation industry to achieve vehicle weight reduction through the replacement of steel components by aluminum parts. For some applications, aluminum requires protective coatings due to its limited wear and lower temperature resistance compared to steel. The objective of this study was to assess the potential of amorphous-type plasma-sprayed steel coatings and conventional arc-sprayed steel coatings as thermal barrier coatings, mainly through the evaluation of their spalling resistance under thermal cycling. The microstructures of the different coatings were first compared via SEM. The amorphicity of the coatings produced via plasma spraying of specialized alloyed steel and the crystalline phases of the conventional arc-sprayed steel coatings were confirmed through x-ray diffraction. The thermal diffusivity of all coatings produced was measured to be about a third of that of bulk stainless steel. Conventional arc-sprayed steel coatings typically offered better spalling resistance under thermal cycling than steel-based amorphous coatings due probably to their higher initial bond strength. However, the presence of vertical cracks in the steel-based amorphous coatings was found to have a beneficial effect on their thermal cycling resistance. The amorphous plasma-sprayed steel coatings presented indications of recrystallization after their exposure to high temperature.
Introduction
In recent years, the transportation industry has been facing increasing pressure to decrease vehicle weight in order to reduce fuel consumption and associated emissions. Significant weight reduction can be achieved by replacing steel components with aluminum (Al) parts. However, as Al exhibits poor wear resistance and a lower melting point compared to steel, there is a rising interest in shielding Al parts with protective coatings to alleviate these issues (Ref 1-3 ).
Ceramics are well-known materials for thermal barrier coatings (TBCs). While they offer good thermal insulating properties and high hardness, their reliability and fragile behavior is a major issue as poor toughness can lead to catastrophic failure upon mechanical loading or thermal shock. Furthermore, their coefficients of thermal expansion are typically much lower than that of the metallic substrates to be protected, causing a problematic mismatch for high temperature applications. For example, yttriastabilized zirconia displays a CTE of 10 9 10 À6 /°C at room temperature while the CTE of Al is 24 9 10 À6 /°C (Ref 4). One possible alternative is to use metal-based TBCs, with nanostructured or amorphous metals of particular of interest as they offer low thermal diffusivity and conductivity. For instance, the thermal conductivity of an induction plasma-sprayed Fe-based amorphous coating has been calculated to be 1.22 W/mK (Ref 3) , which is very close to the thermal conductivity of plasma-sprayed yttria-stabilized zirconia (~1 W/mK) (Ref 5) . Amorphous metals also display high toughness, hardness, and wear resistance; all are desirable properties for a protective coating (Ref 6, 7) . Finally, amorphous Fe-based coatings present relatively high CTE, offering a better match with an Al substrate. The high CTE, measured elsewhere at 15 9 10 À6 /°C, originates not only from the metallic composition, but also from the amorphous state, that typically displays higher CTE than the crystalline counterpart (Ref 3) .
Amorphous-type metal-based coatings have been produced out of most thermal spray techniques. Among those, plasma spray offers a remarkable capability to produce this type of materials as coatings: its high heat input enabling full melting of the alloys is combined with a high cooling rate associated with the rapid solidification of the molten droplets upon impact. This rapid quenching from the melt is necessary to suppress the nucleation and growth of the crystalline phases ( Ref 8) . As a comparison, it has been shown that complete amorphisation of the feedstock material selected in this study was not possible with HVOF or arc spraying for which coatings contained unmelted particles showing borocarbide or carbide precipitates (Ref 3, (8) (9) (10) .
Most of the previous work involving amorphous metalbased coatings has focused on corrosion and wear resistance evaluation (Ref 6, 7, (10) (11) (12) (13) (14) . It has been shown, for instance, that HVOF Fe-based amorphous coatings offer superior wear performance than bulk steel, hard Cr and Al 2 O 3 coatings ( Ref 6, 10) . Fe-based amorphous coatings have also been sprayed successfully on Al to improve wear performance (Ref 14) . However, little has been done regarding heat protection and associated challenges, such as coating resistance to thermal cycling. Coating resistance to thermal spalling is particularly critical for automotive applications where severe thermal cycles are present, such as in diesel engines and braking system (Ref 15, 16) . A good understanding of coating behavior under thermal cycling is critical to avoid coating spalling and catastrophic failure.
The objective of this study was to assess the potential of two different steel systems, e.g., plasma-sprayed amorphous-type steel coatings and conventional arc-sprayed steel coatings, as TBCs through the evaluation of their spalling resistance under thermal cycling. Coatings were thoroughly characterized through XRD and SEM. The thermal cycling behavior of the coatings was evaluated by a custom-developed laser rig where the heat input is provided by a laser.
Experimental Procedures

Materials
The powder feedstock selected for the production of amorphous coatings was SHS-717 (Nanosteel, Providence (RI) USA), which is a strongly alloyed steel (Fe-25 Cr-8 Mo-10 W-5 Mn-5 B-2 C-2 Si). It was specially designed to maximize glass forming ability, hardness, and wear/corrosion resistance. Figure 1 shows the microstructure and particle size distribution of this powder measured with a laser diffraction particle size analyzer (LS320, Beckman Coulter, Miami (FL) USA). Its size distribution between 10 and 100 lm as well as its spherical shape are welladapted to plasma spraying.
The conventional arc-sprayed stainless steel coatings were produced out of two commercial stainless steel (SS) wires: 61T and 80T (Praxair, Danbury (CT) USA). The two steels have, respectively, been selected in order to obtain coatings with an austenitic FCC crystalline structure of a nominal composition 18% Cr 8% Ni (SS 304, 80T) and a BCC ferritic structure of a nominal composition 14% Cr (SS430, 61T).
Spraying Conditions
The coatings were deposited on degreased and gritblasted (grit 24 alumina) 6061 Al cylinders (25.4 mm dia 9 16 mm height). Plasma air spraying was performed using a F4-MB torch (Sulzer-Metco, Westbury (NY) USA) or an Axial III system (Mettech, Vancouver (BC) Canada). The spraying parameters, detailed in Table 1 , were selected to provide a large range of in-flight particle temperatures and velocities. The in-flight particle measurements were performed using the DPV-2000 (Tecnar Automation, StBruno (QC) Canada).The stainless steel wires were sprayed using both the BP400 (Praxair, formerly Miller, Danbury (CT) USA) and the SmartArc systems (SA, Sulzer-Metco, Westbury (NY) USA). The spraying parameters were selected after an extensive optimisation round targeting maximum as-sprayed coating bond strength. The arc spraying conditions are also detailed in Table 1 . All coatings displayed thicknesses between 400 and 600 lm. 
Coating Evaluation
Powder and coating microstructures were observed using either a field emission SEM (S4700, Hitachi Instruments Inc., Tokyo, Japan) or a standard SEM (JSM-6100, JEOL, Tokyo, Japan). Samples were prepared using standard metallographic procedures to produce a polished cross-section. The phases and crystallinity indices (I c ) of the SHS-717 powder and coatings were determined by XRD using a D8 Discover x-ray diffractometer (Bruker, Madison (WI) USA) at 1.6 kW. Cu-K a1 radiation (k = 1.54 Å ) was used for the conventional arc-sprayed steel samples while Cr-K a1 radiation (k = 2.29 Å ) was used with the amorphous-type coatings to improve the signalto-noise ratio. I c is defined as the ratio of the areas of the Bragg peaks over the total areas of the spectrum between 45 and 87°with the Cr source. Pull tests (ASTM C633-01, 3 replicates per condition) were performed to evaluate assprayed coating adhesion strength on aluminum. The coefficients of thermal expansion of the conventional arcsprayed steel samples were calculated from the ramp-up section of differential dilatometer data (Dil 402C, Netzsch instruments North America, Boston (MA) USA) on free standing coatings between 200 and 600°C. Coating thermal diffusivities were measured using the laser-flash method (FlashLine 5000, TA Instruments, New Castle (DE) USA).
Two to three samples per spray condition were then cycled thermally until failure, e.g., until coating delamination reached about 25% of the sample surface, and the number of cycles recorded. Thermal cycling was performed using an in-house developed laser rig (shown in Fig. 2 ), feature a continuous 3.3 kW CO 2 laser (10.6 lm). Sample temperatures are recorded with infrared optical pyrometers and cameras equipped with filters strongly absorbing at the 10.6 lm wavelength of the incoming CO 2 laser radiation. The sample is held by a spring loaded 4-point ceramic sample holder, and there is an air jet amplifier at the front of the sample for the cooling stage, e.g., both heating and cooling are performed on the same sample side. The system is interfaced with a computer using Lab view software to define a temperature profile for the front and back faces.
The samples were heated by the laser at a constant power for 4 s and then cooled for the same amount of time; this cycle being repeated until failure. At steady state, a maximum coating surface temperature of 500°C was obtained while the minimum surface temperature achieved after the cooling step was about 250°C. Typical cycle profiles are shown in Fig. 3 . Coating delamination was easily observed from a local, sudden increase in temperature (hot spot) due to the appearance of an air gap of low thermal conductivity between the coating and the substrate (Ref 17) . A hot spot example is shown in Fig. 2 . F1  70  5  500  28  12  2230  222  110  F2  35  12  700  39  12  2400  188  190  F3  70  5  300  18  20  2117  148  75  F4  60  12  700  41  12  2319  223  230  F5  40  10  600  34  12  2364  179  200  Axial  A1  10%   a   30%   a   200  130  20 n/a n/a n/a A2 70% a 20% a 170 79 20 n/a n/a n/a 
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Results and Discussion
Coating Microstructure
As-sprayed amorphous coating microstructures obtained from plasma spraying are shown in Fig. 4 . Coatings F1 and F3 present similar microstructures; splats are well defined and their content are uniform and homogeneous. The A2 microstructure also presents typical splats, but their boundaries are less defined. Although not investigated in this study, it is expected that the number and width of those interlamellar boundaries would affect the coating thermal conductivity. Therefore, the coating thermal conductivity may potentially be minimized through an optimisation of spray parameters.
The microstructures of F2, F4, F5, and A1 coatings are more heterogeneous. There is a darker phase that was identified as oxides with EDS and some porosity. Vertical cracks were also seen under SEM in the four coatings. A crack example is shown in Fig. 4 for coating F2. As a semiquantitative method, the number of vertical cracks over a 2.5 cm coating length was counted for each sample. It was found that A1 displays the highest number of cracks, followed by F4, F5 and F2 (~16,~13,~11 and~9, respectively). For the coatings sprayed with the F4-MB, the number of cracks is, therefore, proportional to the substrate temperature during spraying (substrate temperatures not available for Axial III coatings). As expected, a high substrate temperature generates more thermal cool down stress. Those stresses are relieved in the coatings by the formation of cracks. Lastly, it was visually noted that the overall color of those coatings was dark brown instead of the typical metallic gray color of the other group of coatings. The different findings regarding F2, F4, F5 and A1 indicate a higher heat input during spraying. Among the F-series of coatings, F2, F4 and F5 coatings were sprayed at the highest (i) H 2 flow, (ii) H 2 /Ar ratio and (iii) plasma power. Therefore, the plasma of F2, F4 and F5 conditions probably exhibited the highest enthalpy and thermal conductivity, which is supported by the higher temperature values recorded for the F2, F4 and F5 sprayed particles (Table 1) . Regarding the A-series of coatings, the A1 particles were sprayed at high power with a nitrogen plasma. Based on the known high enthalpies of N 2 plasmas, a higher oxidation level of this coating was expected. The A2 coating was sprayed using an Ar-based plasma at low power, i.e., a low enthalpy plasma when compared to N 2 , therefore, a lower oxidation level was observed. It is known that higher H 2 flow rates in plasma torches can help to create a de-oxidizing environment by combining with oxygen atoms of the surrounding atmosphere to form water. However, the higher H 2 flow of F2, F4 and F5 plasma was probably outweighed by the highest plasma power. In addition, the F4-MB torch has an external and radial feeding system. Consequently, in order to have a ''sufficient degree of melting'' to form the coating, the particles must cross over the streamlines of the plasma jet; thereby, being more exposed to the atmospheric air and more prone to oxidation.
In spite of the higher heat input for F2, F4, F5 and A2 coatings, their microstructures present spherical features along the splats that could denote unmelted or resolidified, spherical powder particles (Fig. 4) . It is believed that a thick oxide shell is formed around some of the in-flight particles; which could have two effects. It could first prevent further heat transfer to the particle core; inhibiting particle melting in spite of the high enthalpy plasma conditions. It could also act as a skeleton and prevent particle deformation upon impact, thus preserving the spherical shape of the semi-molten particle until resolidification.
The plasma-sprayed coating microstructures can be compared with those obtained for the arc-sprayed samples, shown in Fig. 5 . Arc-sprayed coatings present a typical lamellar microstructure with interlamellar cracks and pores (black), chromium oxide phase (dark gray) and the steel phase (light gray). The oxide phase is more abundant in those coatings than in the plasma-sprayed coatings. Image analysis results show two times more oxides for the coatings produced with the SmartArc system than those produced with the Miller. Figure 6 (a) shows the XRD spectrum of the powder together with that of the produced plasma-sprayed coatings (Cr source). The powder presents a variety of peaks corresponding to crystalline phases such as martensite, borides and borocarbide (Ref 8) . On the other hand, the coating patterns present an amorphous hump as the main feature, indicating a predominantly amorphous state. The indices of crystallinity of all coatings are also lower than that of the powder. F2, F4 and F5 and A1 present extra peaks associated with iron oxides, which is consistent with the SEM/EDS findings and the fact that it was sprayed with the highest plasma power. Figure 6 (b) presents the XRD spectrum of the arc-sprayed coatings (Cu source), which confirms that an austenitic FCC structure is obtained with 80T wire and a ferritic BCC structure is obtained with the 61T wire.
Thermal diffusivities (a) of four of the coatings measured at different temperatures are compared with bulk stainless steel 304 in Table 2 . It can be seen that the S80 arc-sprayed coatings, produced out of a SS304 composition wire, displayed a thermal diffusivity three times lower than the bulk counterpart. The lower diffusivity is explained by the numerous defects present in the coatings compared to the bulk: porosity, oxide phase, lamellar boundaries. The thermal diffusivities of F4 and F5 coatings are similar to the arc-sprayed coatings M61 and S80 and twice the value reported in literature for induction plasma-sprayed coatings produced out of the same feedstock (6 9 10 À7 m 2 /s (Ref 3) ). The expected lower thermal diffusivity of the amorphous phase versus the crystalline phase is, therefore, not observed in the current study. It is possible that the effect of the structure is not significant compared to the effect of the coating defects, as the microstructures of F4 and F5 were very different than those of the induction plasma-sprayed coatings, which displayed the typical, lamellar structure.
The room temperature thermal conductivity (k) of the coatings was calculated using the relation k = aqC p . Both thermal diffusivity and conductivity are important for TBCs, as diffusivity is essential for the transient process of heat flow (a measure of thermal inertia) and thermal conductivity directly indicates the ability of a material to conduct heat (Ref 18). Bulk-specific heat capacities (C p ) taken from literature were used for the bulk SS304 and the arc-sprayed coatings (0.5 J/gC for SS304 and 0.48 J/gC for SS430 (Ref 19) ), as heat capacity should not be affected significantly by the microstructure assuming a relatively constant composition (which is not the case for other thermal properties, such as diffusivity). The heat capacity measured in (Ref 3) was employed for the amorphous F4 and F5 coatings (0.255 J/gC). The noticeable difference between the heat capacities of the amorphous and crystalline coatings appears reasonable as the heat capacity is known to vary importantly with the atomic arrangement. The density (q) of bulk SS304 was taken as 7.9 g/cm while the coatings densities were approximated at 7.5 g/cm to account for some porosity. Looking at the results displayed in Table 2 , it is seen that similarly to the diffusivity values, thermal conductivities of the coatings are much lower than the one of the bulk. However, the low heat capacity of the amorphous coatings further reduce the calculated thermal conductivities with values 6 times lower than the bulk stainless steel and similar to the value for bulk YSZ (2 W/mK (Ref 3)). Table 3 displays the coating bond strengths (assprayed), together with the number of thermal cycles achieved by each coating prior to delamination. It can be seen that adhesions achieved by the amorphous, plasmasprayed coatings are much lower than those of the conventional, stainless steel arc-sprayed coatings. This difference could be due to the coating composition and/or the spraying technique. Amorphous materials are known to be difficult to melt completely during thermal spraying due to their low thermal conductivity. An incomplete melting of the in-flight particles can limit splat bonding upon impact and be detrimental to coating adhesion. Amorphous steel, having a lower thermal conductivity than conventional steel, can also limit heat transfer from the coating to the substrate during deposition. Thermal mismatch could be accentuated, as well as the associated residual stresses. The low adhesion of the amorphous coatings could be problematic for the envisioned application. Those coatings would not only be sensitive to spalling, but their low adhesion would also prevent the production of thicker coatings that are desirable to provide appropriate heat shielding.
Coating Behavior Upon Thermal Cycling
Among the arc-sprayed coatings, the best adhesions are obtained with the SmartArc system due probably to the higher particle velocities achieved with this equipment. It seems probable that substrate temperature also plays a role as the lowest adhesion is obtained with M80 coating, which showed a higher substrate temperature than the other arc-sprayed coatings. Among the plasma-sprayed coatings, a relation between spraying conditions and coating adhesion is more difficult to draw. The best adhesion is obtained with sample F3, which is the spraying condition with the lowest substrate temperature. Again, this seems to indicate that a low heat input during spraying is desirable to limit thermal mismatch, and thus improve coating adhesion. On the other hand, this coating was also sprayed with the lowest particle velocity and the only one sprayed at a high stand-off distance of 20 cm. It could be hypothesized that this longer residence time in the plasma favored complete melting of the in-flight particles, and thus improved bonding with the substrate.
The resistance to thermal cycling is higher for stainless steel arc-sprayed samples compared to most of the amorphous plasma-sprayed coatings. It is believed that the lower initial bond strength of the plasma-sprayed coatings is detrimental to the thermal cycling performance. It is worth noting that in addition to their higher bond strength, all arc-sprayed samples also present interlamellar porosities that could act as fish scales; allowing more strain within the coating and reducing the stress applied to the interface. In the case of the arc-sprayed coatings, the thermal cycling performance is proportional to the initial coating bond strength. Interestingly, the same trend is not observed for amorphous, plasma-sprayed coatings, at least within the few samples of the study. F2, F4, and F5 present a very different cycling behavior for comparable initial bond strengths. F4, showing the highest resistance to thermal cycling, presents the highest number of vertical cracks. Analogous to observed behavior in ceramic TBCs, those cracks could be key to accommodate thermal stresses, and thus favor coating resistance to thermal cycling. Figure 7 shows the surface of the F4 coating after thermal cycling, with darker lines matching the hot spots observed during thermal cycling. Those hot spots are likely to have formed rapidly after a hundred of cycles, without spreading at the coating surface upon further cycling, and probably correspond to cracks that were originally present within the coatings. As they partially released the thermal stresses, further coating spalling was prevented. The vertical cracks, also present in F2, probably explain why this coating presents better resistance to thermal cycling than F3 and M80 in spite of the lower coating initial adhesion. It is expected that the variation in the level of crystallinity could also affect coating thermal cycling performance, as it would modify the coating 27.9 ± 0.5 1800 S61
26.6 ± 2.2 1450 Fig. 7 The surface of F4 coating after thermal cycling. The darken zones represent the ''hot spot'' regions that delaminated during thermal cycling thermal conductivity and coefficient of thermal expansion (CTE). Unfortunately, the limited number of samples and the bias of the oxide peaks on the crystallinity indices do not allow conclusions to be drawn in this regard. Since a high CTE mismatch increases the thermal stresses generated at the coating interface upon thermal cycling, it was expected that a relationship would be found between the coating CTE and the respective number of thermal cycles for failure. Although the conventional arcsprayed coatings present very different CTE: a measured CTE of 17 9 10 À6 /°C for S80 (typical of austenitic stainless steels) and a measured CTE of 11 9 10 À6 /°Cfor M61 (typical of ferritic stainless steels), different thermal cycling behavior was not observed. A possible explanation could have been that by using short heating time, the high temperature zone was limited to the coating and did not reach the interface (Ref 17) . However, the data provided by the diffusivity measurements clearly show that the time for through-coating heat transfer is on the order of a fraction of a second, e.g., much smaller than the heating time of 4 s. As the strain generated in the coating or at the interface can originate from a difference of CTE and/or from a temperature gradient, the hypothesis currently favored is that the temperature gradient within the coating is the main factor. This is supported by the fact that the highly conductive Al substrate, in contrast to the insulating steel coatings, favors a high temperature gradient within the coating that ultimately leads to the spallation of the coating.
Evolution of Amorphous Coatings with High
Temperature Exposure
The amorphous state of the Fe-based plasma-sprayed coatings studied here is obtained from the rapid quench of the molten droplets during spraying and is metastable, e.g., susceptible to evolve with thermal exposure by recrystallisation. A TGA performed on a plasma-sprayed coating produced with the same feedstock of our study has revealed that the main nucleation peak of this material started at 605°C (Ref 7) . Another study (Ref 1) has shown that a heat treatment at 650°C for 1 h led to crystallization of a plasma-sprayed coating (ICP) produced with SHS-717. Recrystallisation is known to detrimentally affect coating properties. Indeed, it has been shown that thermal diffusivity of Fe-based amorphous coating can double with microstructure evolution, going from about 6 9 10 À7 to above 1.2 9 10 À6 m 2 /s (Ref 3) . Similarly, recrystallization of the coating would adversely affect wear performance. As a consequence, the stability of Fe-based amorphous coatings under high temperature exposure needs to be assessed in order to evaluate their applicability as TBCs.
In the current study, SEM observations did not show significant changes in microstructure after thermal cycling, both for plasma-sprayed and arc-sprayed samples. F2 and F3 coatings before and after thermal exposure are presented in Fig. 8 as examples. However, XRD patterns (Fig. 9) show some crystallization occurring during thermal cycling for plasma-sprayed samples. All coatings except F2 present an evolution of the amorphous hump in two peaks that correspond to the ferritic and austenic phases. Correspondingly, all crystallinity indices except those of F2 coatings increased after coating exposure to high temperature. Even when the coating maximum surface temperature was maintained at 500°C for the first dozens or hundreds of thermal cycles, the initiation of spalling in the coatings lead to the formation of hot spots in localized areas of the coatings where the steel would glow red, e.g., temperatures above 600°C. The observed recrystallization is thus to be expected. Despite of the results above, it is still believed that amorphous coatings can be envisioned for Al protection, as the maximum operating temperature of the part will be limited by the maximum structural temperature of the Al substrate, in the range of 250°C. Taking into account the temperature gradient through the coating, the maximum operating temperature of the part will not exceed the recrystallization temperature of the coating.
Conclusions
This study assessed the potential of plasma-sprayed amorphous-type steel coatings and conventional arcsprayed steel coatings as TBCs, mainly through the evaluation of their spalling resistance under thermal cycling. The thermal cycling resistance of conventional arcsprayed coatings was found to be higher than amorphous plasma-sprayed coatings. This higher resistance is attributed to higher initial coating bond strength. Conventional arc-sprayed steel coatings also present good insulating properties (thermal conductivity three to four times lower than bulk stainless steel) and the coating feedstock is affordable and readily available, making them good candidates for TBCs. On the other hand, it is believed that some features specific to the amorphous coatings, namely the presence of vertical cracks and their lower thermal conductivity, could also make these coatings an attractive alternative for TBCs once their low bond strength issue is tackled through either further spraying parameters optimisation or improved substrate surface preparation. The high temperature exposure of amorphous steel coatings also needs to be limited to a temperature below 600°C to prevent coating recrystallization, as observed in this study. It is worth noting that the research on metallic glasses is still under progress and the development of new compositions, for instance, could provide new opportunities.
